The classical approach to a discussion of computing apparatus starts by distinguishing between analogue and digital machines. In fact, hybrid and incremental computers are now in use which incorporate features of both types. Consider, first, conventional analogue computers. These utilize an analogy between the behaviour of a system which it is required to study and that of some other physical system which can be more conveniently set up in the laboratory; the laboratory systemthe analogue computercan be modified at will and the behaviour of its component parts investigated within the system in a way that cannot usually be matched by the restricted set of measurements usually possible on the real system. The analogue computer thus models the system of interest. The analogy utilized may allow a detailed correspondence in structure between the system modelled and the model; the reasons for setting up such a model would usually be to compute some variable which is unmeasurable in the real system or to acquire insight into behaviour of the known underlying mechanisms. This type of model may rely on a direct physical parallel of the real system or may utilize the mathematical expression of such a physical parallel. The latter is very convenient, since analogue-conmputing elements have been available for some time in a form which allows mechanical or electrical realization of those kinds of mathematical operations which described physical systems; physical and chemical systems, for example, behave in a way which is most compactly described by relations such as the dependence of rate of change of one or more factors on the magnitude of the same or other factors; the diffusion equation describing rates of concentration change in terms of concentration gradient is a typical example. Relations of more elaborate kinds, which often occur in the description of physiological and other systems with a physiochemical basis, generate the differential equations for the solution of which computers are required.
Electronic analogue computers are limited to equations of one independent variable -time -so that elaboration is needed to handle systems of a distributed kind in which both distance and time variables occur. In multi-tissue compartment studies of drug distribution, it cannot be presumed that an agent transported by the blood stream has an identical concentration at all sites in the circulation or a given tissue compartment at any instant of time: concentration varies with time at any one site and with location at any one time; both position and time are then essential independent variables. One type of analogue computer modified to meet this type of problem is the hybrid machinean analogue computer under automatic external control, which first provides the solution of the equations giving the concentration of the agent at various locations at the first instant after starting the experiment: solving these equations provides a new set of values from which a further set can be computed to describe all the concentrations at the next instant, and so on. The main requirement here is to arrange that the results for various locations should be noted and re-introduced as initial conditions for the next successive computation run. Simple logic circuits of a digital kind can be used for this purpose. However, much more elaborate co-operation between analogue and digital computers is nowadays possible and has been used for medical problems. It is unfortunate that the overall precision of analogue computers is limitedlargely by units like multipliers and nonlinear computing elements and by the difficulty of maintaining DC stability in a system set up to represent a physiological structure of realistic complexity.
Whereas it is a characteristic feature of analogue machines that the variables with which they deal are able to take up any value in a continuous range, the feature of the digital computer is that it deals with variables expressed in arithmetical terms using a sequence of digits to represent a given value of any variable. The magnitude of a continuously varying quantity must thus be converted to a sequence of sufficiently frequent samples expressed in arithmetical (digital) terms so that arithmetical (digital) operations may be done by computer. A digital computer of reasonable size can usually be programmed to do virtually all operations possible with an analogue machine, often with much greater speed and precision but with much less convenient adjustment by the experimenter. However, the digital computer can usually be set up in a very flexible fashion to do any of a much greater variety of operations than is possible for an analogue machine; 'on-line' control will rapidly become a feature of future machines.
It is likely that only digital computers will be of major interest for medical applications, particularly in their use in patient-monitoring and the assessment of clinical conditions generally; the following discussion is directed to anresthetists as the main body of specialists with such interests.
Computer-aided Clinical Assessment
There is at present considerable interest and undoubted value in computer-based manipulation of physiological records for research purposes: there are a variety of routine numerical manipulations required, for example in clinical chemistry, which are conveniently assisted by computer, but there is little other justification for immediate clinical use of digital computing. (I contribute no comment here about-computer-aided diagnosis.) On the other hand, there are various entirely fascinating purposes of computation other than simple number-mill tasks (reducing and manipulating large quantities of data) and these other purposes may offer exciting future prospects for really valuable clinical use, provided that bold enough investigations are initiated now. Two matters relevant to patient studies will illustrate the possibilities and difficultiesmultiple parameter assessment and enhanced sensitivity methods of both trend detection and evoked response evaluation. Details will need some consideration, because discussing computers in generalities is seldom instructive.
Patient-monitoring cannot be restricted simply to recording a series ofindependent measurements of separate features; an integrated picture is sought. It is therefore proper to ask if computer facilities offer any prospect of meeting a clinician's need for ever more elaborate, coherent inferences from the measurements, about the current condition of his patient and about any trends which might be revealed. Any extension of our ability quantitatively to evaluate an integrated clinical picture will depend heavily on an ability to assess automatically the total significance of all the measurements taken together in a quantitative manner. What kind of facilities and techniques are required for these tasks and what kind of data manipulations are likely to be available for their advancement ?
When several physiological features in a patient are repeatedly measured and their time variation utilized with the aid of a computer for the integrated study of clinical condition, a variety of problems present themselves. Such investigations will proceed by searching for consistencies, patterns and associations in single records and between records and for quantitative conjunctions between the features which are modified according to the clinical condition of the patient. Primarily, then, there is a need to find a suitable method of numerical representation for dichotomous physical signs (present or absent), ranked signs (degree of severity) and point processes (distinguished only by the times of their occurrences).
Several particular difficulties occur. It is clearly essential to be able to consider all the records on a corresponding footing. Thus a record comprising (perhaps grossly irregular) point events (cardiac beats or neural spikes are examples) can be transformed into a derived signal, representing a smoothed version of the original data as a regularly recurring sequence. A transformation of this kind is important and permits two further steps to be taken in the processing of the record. First, successive observations of the sequence of irregularly occurring events in the original process may, after the transformation, be averaged in a suitably time-synchronized way to emphasize consistencies of pattern (spontaneous or referred to specific occurrences such as respirations) which may be otherwise totally obscured. Second, the newly developed regular sequence may be compared or correlated with any other suitable feature. Additionally, it is necessary to remove effects due to recognizable sources other than those which are immediately relevant and to eliminate redundancies from pairs of records. Thus if the rate and depth of breathing at a given alveolar ventilation rate are optimized to minimize the power cost of breathing, then some of the activity in either the rate or depth signal is redundant. In view of the complexity of the system, it is essential that this redundant information be removed before further processing. For cases in which changes in regularity of cardiac cycle time are concerned, for example, it is necessary to eliminate fluctuations due to respiratory sinus arrhythmia. Even if the nature of the respiratory influences is known, it is not possible to eliminate from a sequence of already irregular intervals a further effect due to any stimulus, however well-defined, until the point process record has been smoothed and converted to a regular derived sequence as described above.
The requirement to recognize patterns is severe; the system must be capable of recognizing a consistency in a given record or set of records and then to characterize its essential features. Finally, there are the important needs to be able to assess trends in a given measurement and to identify any precursors of clinically significant occurrences.
As an illustration, consider the occurrence of ventricular fibrillation, preceded not infrequently by the development of ventricular ectopic foci. Some recent methods use differences in gross shape of the QRS, when ventricular instead of supraventricular foci are active, to monitor the occurrence of ectopic beats. However, it is of interest to enquire if any precursors of development of ectopic foci might be detectable. The development of such foci may well be preceded by local biochemical changes in the immediately neighbouring cardiac tissue, such changes being often associated with local changes in electrical excitability and thus small changes in the contour of ventricular depolarization. Thus corresponding changes, perhaps extremely small and certainly extremely rapid, should be manifested in the QRS complex of the ECG. There are, however, appreciable difficulties in the way of studying these rapid, therefore high-frequency, ECG components. Cross-comparison of a record ofthe highfrequency detailed activity in the QRS directly with a corresponding record from another individual is not feasiblenot only does the highfrequency impedance of the thoracic cavity change appreciably during respiration in any one individual, but also anatomical variations from one individual to another greatly influence the overall high-frequency impedance. However, a method is available to suppress the severe interference due to respiration and movement.
Improving signal-to-noise ratio by averaging repeated responses to stimuli or repeated occurrences of an event of interest is commonly done, especially in neural investigations. Using a technique of this kind for rapid events in the human electrocardiogram, it is necessary to acquire a set of samples of the ECG signal, accurately timelocked to its occurrence. In the case illustrated here (Fig 1) , some 280 samples per beat are used at 1 msec spacing and approximately 100 of these cover the period of the QRS itself. The samples are averaged in the computer (some 10 to 40 complexes are used) and a vast improvement in suppression of the noise background can be achieved. (The ECG apparatus utilized a balanced fieldeffect transistor amplifier with an upper cut-off frequency set to 500 c/s; the design of this unit and the computer results are due to Dr A K Deb of my laboratory.) The records shown in Fig 1 illustrate the possibilities; it will be seen from the sample of original ECG shown (a precordial lead has been used) that after high pass filtering (above about 60 c/s), great variations occur from one complex and another. Simple averaging, however, produces a highly-reproducible record and in the example shown averaged complexes obtained separately from one individual under resting and exercise conditions are compared. The detailed fluctuations in the two records are in close parallel for this particular individual (a young man in good athletic condition). Marked differences occur in the resting individual when myocardial damage or other pathology is present and details of the pattern ofrapid events alter with clinical progress. It remains to be seen if adequate changes in such patterns of rapid events on the QRS prior to the development of, say, ventricular ectopic foci, can be observed in a majority of relevant situations. If so, interest will be directed, not to the existence of an abnormal pattern, but to changes with time, i.e. trends, in the actual pattern observed. For the reasons previously given, the distinction between normal and abnormal patterns of rapid ECG activity can probably only be treated on an individual basis and since a normal record is unlikely to be available for a cardiac patient, any modifications of rapid ECG activity can only manifest their existence by their alterations with time. This is the reason why trend-detection may be of considerable significance in quantitative evaluation of clinical condition; suitable techniques depend, except in trivial situations, on computer analysis.
Thus a changing physiological situation may be reflected in a changing pattern of spontaneous activity if suitably monitored; while the basic pat- tern in the normal condition may be unknown for various reasons, the fact of a trend -a change in the patternsupported by evidence of consistency in the trend, would suffice to define a significant indicator of the changing physiological situation.
Two final techniques are likely to be required to make computer-aided clinical assessment a realistic proposition. It will be clear that the physiological response to a stimulus may well be a convenient indicator of physiological state; if the stimuli occur naturally, their rate of occurrence may emphasize any adaptivity in the response.
Averaging techniques to improve sensitivity will only operate satisfactorily if the adaptivity is recognized and either utilized or compensated. (If the autocorrelation sequence of the adapting response can be evaluated, this compensation is feasible.) Also, if it is possible to record various relevant physiological changes with adequate sensitivity and to identify the nature of their various interrelations, it becomes reasonable to arrange for a constantly up-dated dynamic computer model of the physiological system to be set up; this might then be interrogated as to the likely influences of various intended therapeutic measures in the light of recent past behaviour of the system. Thus, as engineering development of techniques of these types leads to methods routinely usable and supported by a proper theoretical foundation, the possibilities of using computer methods in a potentially fascinating way come within reach.
Dr G R Kelman (Department ofAncesthesia, General Infirmary, Leeds)
Digital Computers in Anesthesia
A number of problems in ancsthesia lend themselves to investigation with the aid of an analogue computer and many anxsthetists are now familiar with the use of this device, for example for the investigation of the uptake and elimination of gaseous anaesthetic agents and as a teaching aid. The digital computer is, on the other hand, far less familiar and is still viewed with suspicion and a certain amount of awe by many anaesthetists and clinicians. This is somewhat surprising since, with modern programming aids, digital computers can be used with virtually no mathematical training and certainly in complete ignorance of those puzzling noughts and ones which the experts sometimes use to baffle their less fortunate colleagues.
On superficial acquaintance a digital computer is an unpromising device which can do two operations only (albeit at enormous speed), namely do elementary arithmetic and decide whether two numbers are equal and, if not, which is the larger: not much, it might be argued, for a machine costing upwards of £250,000. In practice, however, this limited repertoire is not a serious disadvantage since many extremely complex problems can be reduced to a series of such elementary steps. It is, for example, the ability of the computer to make logical decisions that enables it to scan thousands of medical case histories stored on magnetic tape or magnetic discs, and to pick out, for instance, all those patients who have received a certain drug or anesthetic agent during the past year.
Some work now being carried out at the University of Texas (Wilber & Derrick 1965) illustrates the way in which a large digital computer can tackle a truly complex problem, namely, the monitoring of patients during anmsthesia. Transducers attached to the patient's body convert his heart rate, blood pressure, temperature and respiration rate into analogue electrical signals which are then digitized, fed into the computer and there analysed immediately. The investigators hope later to extend the scope of their measurements to include EEG waveforms, PE'CO2 arterial oxygen saturation, blood anaesthetic concentrations and respiratory tidal volume. The computer not only checks that the variables lie within the safe range, either singly or in conjunction, but also predicts what their future values will be if present trends continue. It is then able to warn the anaesthetist that, for example, although the blood pressure is satisfactory at the moment, it is falling and the pulse rate is simultaneously rising and that, if present trends continue, the danger level will be reached in about ten minutes.
A significant by-product of the use of the computer in this way is a complete and automatically produced record of the patient's physiological state throughout the period of anesthesia.
This type of advanced computer usage is extremely expensive and must perforce be limited for the present to a few specialized centres; but the computer can aid anesthetic research in many far less exotic ways. We recently investigated the validity of clinical estimates of arterial oxygenation made under different lighting conditions (Kelman & Nunn 1966a) . Fifty patients were observed under 6 different fluorescent lamps and cyanosis was sought in 5 body sites by 3 independent observers, while arterial blood was simultaneously sampled and analysed to provide 3 biochemical indices of arterial oxygenation. The result was a mass of figures (in fact 13,500 separate numbers) which would have taken many
